Silicon nanowires (Si NWs) have been attracting much attention in wide range of fields owing to their potential applications such as ultrascaled MOSFETs [1] , biological and chemical sensors [2] , and thermoelectric (TE) devices [3, 4] . The TE efficiency of a material depends on the figure of merit, ZT, and Si NWs achieve an approximately 100-fold improvement in ZT over bulk Si [3, 4] . Commercial applications however require a higher ZT. An effective way to increase ZT is to dope Si NWs with isotopic impurities. They scatter phonons through their mass difference from the host isotope and reduce the phonon thermal conductivity, κ. Since ZT is inversely proportional to the sum of the electron and phonon thermal conductivity, this reduction leads to an improvement in ZT. Yang et al. have investigated κ in isotope-doped Si NWs by molecular dynamics simulation, and confirmed its reduction [5] . Phonon thermal transport properties including κ also can be calculated from phonon dispersion relations [6] [7] [8] . The dispersion relations provide important information such as group velocity and density of states, and help us with deeper understanding of phonon-related phenomena. In this work, we investigate thermal transport properties of phonons in isotopedoped Si NWs using dispersion relations obtained from an atomistic approach.
Introduction
Silicon nanowires (Si NWs) have been attracting much attention in wide range of fields owing to their potential applications such as ultrascaled MOSFETs [1] , biological and chemical sensors [2] , and thermoelectric (TE) devices [3, 4] . The TE efficiency of a material depends on the figure of merit, ZT, and Si NWs achieve an approximately 100-fold improvement in ZT over bulk Si [3, 4] . Commercial applications however require a higher ZT. An effective way to increase ZT is to dope Si NWs with isotopic impurities. They scatter phonons through their mass difference from the host isotope and reduce the phonon thermal conductivity, κ. Since ZT is inversely proportional to the sum of the electron and phonon thermal conductivity, this reduction leads to an improvement in ZT. Yang et al. have investigated κ in isotope-doped Si NWs by molecular dynamics simulation, and confirmed its reduction [5] . Phonon thermal transport properties including κ also can be calculated from phonon dispersion relations [6] [7] [8] . The dispersion relations provide important information such as group velocity and density of states, and help us with deeper understanding of phonon-related phenomena. In this work, we investigate thermal transport properties of phonons in isotopedoped Si NWs using dispersion relations obtained from an atomistic approach.
Dispersion Relations
Si has three stable isotopes, 28 Si, 29 Si, and 30 Si. Their natural abundance ratios are about 92 %, 5 %, and 3 %, respectively. We considered a 29 Si-doped 28 Si NW with a square crosssection of side-length 1.086 nm, which is depicted in Fig. 1 . A unit cell of the NW contains 41 atoms and is repeated infinitely along the [001] direction or z-axis with periodicity of a z = 0.543 nm. Figure 2 shows the phonon dispersion relations of a pure and 29 Si-doped 28 Si NWs, calculated using the modified valence force field method [9] . In the calculation, we assumed that 28 Si and 29 Si have the same interatomic force constants and that the surface atoms can vibrate freely.
Ballistic Thermal Conductance
Phonon thermal conductance is given by
where the q z is the phonon wavevector along the z-axis, ω α the frequency of the αth dispersion branch, v α the group velocity, f the Bose-Einstein distribution, T α (q z ) the transmission, and H(v α ) the Heaviside function. Assuming that phonons travel ballistically, that is, T α (q z ) = 1, we can rewrite eq. (1) as Fig. 4 (b) as a reduction in the group velocity, and consequently K bal reduces because flat branches have only small contributions to Π(ω). When the abundance of 29 Si surpasses that of 28 Si, the NW recovers its orderliness of atomic arrangement and K bal increases. We also calculated K bal for orderlydoped Si NWs having unit cells depicted in Figs. 1(d) or 1(e) . The resulting K bal values, which are shown in Fig. 3 by the circles and crosses respectively, are larger than those for the corresponding randomly-doped Si NWs.
Thermal Conductivity
In the diffusive limit, κ can be written as [6] 
where A is the cross-section area and τ −1 α (q z ) is the phonon scattering rate. The scattering mechanisms considered in the calculation are summarized in Table I . Figure 5 (a) shows κ obtained for 28 Si NWs randomly-doped with 29 Si, which is indicated by the solid line. In the figure, κ calculated with the dispersion relation of a pure 28 Si NW, κ 0 , is also shown by the dashed line. Its dependence on the 29 Si abundance stems mainly from the variation of the coefficient of the massdifference scattering rate. The ratio, κ/κ 0 , shown in Fig. 5(b) , demonstrates the isotope effect through the dispersion relations. As shown in Fig. 4 , 29 Si isotopes reduce the phonon group velocity, and accordingly κ becomes smaller than κ 0 .
Conclusions
The thermal transport properties of phonons in isotope-doped Si NWs were investigated with atomistically derived dispersion relations. It was found that randomly-located isotopic impurities reduce the phonon group velocity, and this reduction leads to a suppression of thermal transport and hence an improvement in ZT. References Table I : Phonon scattering mechanisms considered in the thermal conductivity calculation and their scattering rates. In the following equations, γ is the Grüneisen anharmonicity parameter, Θ is the Debye temperature, V 0 is the volume per atom, n i is the relative concentration of the atoms with mass M i , ⟨M⟩ = ∑ i n i M i is the average atomic mass, and ϵ is the interface specularity parameter. In the calculation, γ and Θ were set to 0.56 and 625 K, respectively [G. Slack: Phys. Rev. 105 (1957) 829]. Also ϵ was set to 0.
Mechanism
Scattering rate [7] Umklapp scattering 1
Boundary scattering 1 . We also calculated the thermal conductivity using the phonon dispersion relation for a pure 28 Si NW (dashed line). (b) The ratio of the former thermal conductivity to the latter.
